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I .  INTRODUCTION 


Picosecond  optoelectronics  provides  the  capability  to  significantly 
advance  the  characterization  of  high  frequency  solid  state  devices.  Time 
domain  waveform  measurements  with  a  resolution  of  a  few  picoseconds  can  be 
transformed  Into  scattering  parameters  with  a  bandwidth  much  greater  than  that 
obtained  with  conventional  methods.  The  de-embeddlng  of  a  device  response 
from  that  of  the  circuit  of  the  test  fixture  Is  also  simplified  by  this 

technique.  These  advances  have  resulted  from  the  application  of  mode-locked 
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lasers  to  the  generation  and  measurement  of  short  electrical  pulses.  In 

this  report  we  apply  these  techniques  to  characterize  solid  state  devices  in 

terms  that  are  useful  to  an  electrical  engineer. 

Purely  electronic  time  domain  techniques  have  been  used  for  device 
characterization  for  nearly  two  decades.^®  Electronic  pulse  or  step  genera¬ 
tors  are  used  in  conjunction  with  sampling  oscilloscopes  to  achieve  diagnostic 
accuracy  and  bandwidth  comparable  to  conventional  frequency  domain  analyzers. 
The  bandwidth  is  limited  by  the  response  times  of  these  components,  with  step 
recovery  diodes  producing  electrical  pulses  65  psec  wide,  and  tunnel  diodes 
generating  step  waveforms  with  20  psec  rise  times. Sampling  oscilloscopes 
have  20-30  psec  rise  times.  Experimental  and  data  analysis  techniques  have 
been  developed  to  use  these  components  to  measure  scattering  parameters. ^ ^ 
Despite  these  efforts,  frequency  domain  measurement  has  been  the  most  common 
approach  to  device  characterization.  The  principal  advantage  of  the  time 
domain  technique  was  the  low  cost  of  the  pulse  generators  compared  to  the  high 
cost  of  the  continuous  wave  (cw)  frequency  generators  needed  for  frequency 
domain  diagnostics.  Present  frequency  domain  technology  is  limited  to  a  26 
GHz  bandwidth.  Higher  frequencies  can  be  covered  with  frequency  mixing 
techniques  at  the  cost  of  additional  noise  and  experimental  complexity. 
However,  advances  In  pulse  generation  and  sampling  now  make  the  time  domain 
techniques  superior  in  bandwidth  to  the  frequency  domain  approach.  Thus,  the 
preferred  diagnostic  technique  for  high  frequency  devices  may  become  time 
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domain  measurements.  Recently,  purely  electronic  techniques  have  advanced 
to  ~2  psec  resolution  with  the  development  of  Josephson  junctions, although 
cryogenic  temperatures  are  necessary  for  these  devices. 

Picosecond  optoelectronic  techniques  for  the  generation  and  sampling  of 
electrical  pulses  with  a  resolution  of  less  than  10  psec  were  developed  by 
Auston  at  Bell  Laboratories. The  picosecond  optoelectronic  measurement  of 
the  Impulse  response  of  a  field  effect  transistor  (FET)  was  one  of  the  first 
applications  of  these  methods. The  excellent  temporal  resolution  of  this 
technique  derives  from  the  use  of  ultrashort  optical  pulses  from  mode-locked 
lasers  Interacting  with  photoconductlve  and  electro-optic  materials.  Radia¬ 
tion  damaged  InP  photoconductors  have  been  used  to  generate  pulses  several 
volts  In  amplitude  and  about  1  psec  In  duration.^  Electro-optic  sampling 
techniques  based  upon  the  Pockels  effect  have  demonstrated  temporal  resolution 
of  about  1/2  psec.  These  advances,  combined  with  the  data  analysis  techniques 
developed  to  support  the  purely  electronic  time  domain  methods,  can  extend  the 
diagnostic  bandwidth  to  well  beyond  100  GHz.  In  addition  to  the  superior 
bandwidth  of  picosecond  optoelectronic  diagnostics,  the  de-embeddlng  of  the 
device  from  the  test  fixture  Is  simplified  because  the  pulse  generator  and 
sampler  can  be  a  few  millimeters  from  the  device  being  tested.  Thus  it  is 
unnecessary  to  pass  high  frequency  signals  through  connectors  and  long 
transmission  lines.  Because  of  these  advantages,  time  domain  analysis  with 
picosecond  optoelectronics  Is  a  very  promising  technique  for  characterizing 
advanced  high  frequency  solid  state  devices. The  picosecond  optoelec¬ 
tronic  technique  Is  especially  useful  for  characterization  of  nonlinear 
devices,  tfhere  time  domain  analysis  is  the  preferred  approach. 

In  this  report,  we  present  picosecond  optoelectronic  measurements  of  the 
scattering  parameters  of  a  FET  at  frequencies  up  to  and  beyond  60  GHz.  We 
discuss  the  advantages  of  this  technique  for  de-embeddlng,  and  we  Indicate 
improvements  that  could  be  made  to  better  adapt  the  test  fixture  to  topical 
FET  designs. 
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II .  EXPERIMENTAL 


Picosecond  electrical  pulses  are  produced  and  sampled  by  the  Illumination 
of  ultrafast  photoconductive  switches  with  picosecond  optical  pulses.  The 
illumination  of  a  photoconductive  material  in  the  gap  between  two  microstrips 
changes  the  conductivity  of  the  gap  region.  When  one  of  the  micros trips  has  a 
direct  current  (dc)  bias  voltage  applied  to  It,  the  transient  photoconducti¬ 
vity  of  the  gap  launches  an  electrical  pulse  along  the  other  mlcrostrlp.  The 
temporal  width  of  this  pulse  is  determined  by  the  temporal  width  of  the  opti¬ 
cal  pulse  that  illuminates  the  gap  as  well  as  by  the  response  time  of  the 
photoconductive  material  in  the  gap.  Electrical  pulses  with  widths  as  short 
as  a  few  picoseconds  have  been  generated  In  this  manner.  A  pulse  generated  at 
a  first  switch  can  then  be  sampled  at  a  second  switch.  The  second  switch  is 
illuminated  by  a  second  optical  pulse  that  can  be  temporally  delayed  with 
respect  to  the  first  optical  pulse.  The  second  switch  samples  the  voltage 
resulting  from  the  ultrafast  electrical  pulse  during  the  temporal  aperture 
produced  by  the  transient  photoconductivity  of  the  gap.  Consequently, 
standard  picosecond  optical  pump  and  probe  techniques  can  generate  and  sample 
picosecond  electrical  pulses.  For  example,  such  techniques  have  been  used  to 
measure  the  dispersion  of  picosecond  electrical  pulses  after  propagation  along 
various  lengths  of  mlcrostrlp. Furthermore,  the  transient  response  of 
ultrafast  electronic  devices  can  be  determined  by  placing  the  device  between 
two  of  the  switches  just  described  and  by  measuring  the  reflected  and  trans¬ 
mitted  electrical  pulses.  This  technique  has  previously  been  used  to  measure 
the  transient  response  of  a  packaged  GaAs  FET.^^  In  this  report,  we  present 
the  measurement  of  the  ultrafast  transient  response  of  an  unpackaged  GaAs  FET 
placed  in  two  test  fixtures  incorporating  the  switches  just  described.  We 
characterize  the  device  response  as  well  as  the  effects  of  each  fixture  on  the 
device  response. 

As  shown  In  Fig.  1,  a  train  of  picosecond  optical  pulses  is  produced  by  a 
dye  laser  (Rhodamlne  6G  or  Styryl  9)  pumped  synchronously  by  an  actively  mode 
locked  argon  ion  laser.  The  average  output  power  was  maximized  in  each  case 
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Fig.  1.  Experimental  Arrangement  Used  to  Measure  the  Response  of  Ultrafast 

Electronic  Devices.  M-mirrors,  BS-beamsplltter ,  PG-electrical  pulse 
generator,  S-electrlcal  pulse  sampler,  VR-voltage  ramp,  R-reference 
from  chopper. 
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by  adjusting  a  three  plate,  intracavity  birefringent  tuning  element.  The 
temporal  pulse  width  of  the  dye  laser  pulses  was  measured  to  be  ~4  psec  using 
a  crossed  beam  second  harmonic  autocorrelation  technique.  The  period  between 
pulses  in  the  train  was  ~4.3  nsec.  The  pulse  train  was  split  into  two  parts. 
Each  part  was  directed  separately  onto  one  of  the  test  fixtures.  One  beam, 
used  to  generate  picosecond  electrical  pulses,  propagated  along  a  fixed  path 
through  a  mechanical  chopper  and  was  focused  onto  a  photoconduct ive  switch  on 
the  test  fixture.  This  beam  line  was  mechanically  chopped  at  808  Hz  with  a 
50%  duty  cycle.  The  second  beam,  used  to  produce  the  sampling  aperture, 
traveled  along  a  path  of  variable  length  determined  by  the  position  of  a 
mechanical  translation  stage  and  was  focused  onto  a  second  photoconductive 
switch  on  the  test  fixture.  The  peak  fluence  at  each  switch  was  ~15  pj  /cm^. 
The  translation  stage  permits  8.3  cm  travel.  Consequently,  the  electrical 
signal  at  the  sampling  switch  can  be  measured  before,  during,  and  for  several 
hundred  picoseconds  after  generation.  This  signal  was  monitored  with  a  lock- 
in  amplifier  referenced  to  the  chopper  frequency.  The  output  of  the  lock-in 
amplifier  was  fed  into  the  y-axis  input  of  an  x-y  recorder.  The  x-axis  input 
was  obtained  from  a  voltage  ramp  controlled  by  the  position  of  the  translation 
stage.  This  arrangement  provided  a  sensitive  measurement  of  the  output  of  the 
test  fixture  as  a  function  of  time  delay  between  generating  and  sampling 
pulses. 

We  applied  this  technique  to  determine  the  impulse  response  of  an 
unpackaged  GaAs  FET  (Avantek  AT-8041 ,  0.5  ym  long  Schottky  barrier  gate)  that 
was  embedded  in  one  of  two  different  test  fixtures,  as  shown  in  Fig.  2. 
Photoconductive  pulse  generators  and  samplers  were  fabricated  in  microstrip 
transmission  lines  on  sillcon-on-sapphire  (SOS)  substrates.  The  gold  micro¬ 
strips  were  1500  A  thick.  Bonding  of  the  gold  to  the  silicon  was  facilitated 
with  a  50  A  layer  of  chromium  between  the  gold  microstrip  and  the  silicon. 

The  test  fixtures  were  ion  implanted  (10^^  O'*’  cm~^  at  400  keV)  to  permit  the 
generation  of  6  to  7  psec  electrical  pulses.  The  temporal  width  of  the  elec¬ 
trical  pulses  did  not  depend  strongly  on  whether  the  switches  were  Illuminated 
with  560  nm  light  or  with  820  nm  light.  Each  test  fixture  had  two  central 
microstrips  to  control  the  operating  point  of  the  FET  and  four  side 
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microstrips  to  permit  the  various  reflection  and  transmission  coefficients 
(l.e.,  scattering  parameters)  to  be  monitored  for  this  tw>-port  device.  The 
electrical  pulses  were  generated  by  illuminating  the  25  pm  gap  between  the 
central  raicrostrips  and  one  of  the  side  microstrips,  which  was  biased  at 
+40  V.  The  microstrip  impedance  in  each  test  fixture  was  ~50  Jl. 

In  the  split  fixture  (Fig.  2a),  two  separate  SOS  wafers  were  connected  by 
a  gold  plated  Kovar  strip  attached  to  each  ground  plane  with  conducting 
epoxy.  The  substrates  were  180  u™  thick,  and  the  photoconducting  layer  of 
silicon  was  1  pm  thick.  The  FET  was  epoxied  to  the  ~1  mm  gap  between  wafers. 
The  gate  and  drain  pads  of  the  FET  were  wire  bonded  to  the  central  mlcrostrlps 
on  each  side,  and  the  source  pads  were  wire  bonded  to  the  ground  plane.  The 
microstrips  were  180  pm  wide  to  preserve  50  0  impedance. 

The  planar  fixture  design  (Fig.  2b)  was  used  to  simplify  fixture  fabrica¬ 
tion  and  reduce  the  inductance  of  the  source  bond  wires.  This  design  was 
fabricated  on  a  single  SOS  wafer.  The  substrate  was  250  pm  thick,  and  the 
photoconducting  layer  of  silicon  was  1  pm  thick.  The  FET  was  epoxied  into  the 
gap  between  the  two  central  microstrips.  Again  the  gate  and  drain  pads  were 
wire  bonded  to  the  central  microstrips.  However,  in  this  fixture,  the  source 
connections  were  to  the  two  large  relatively  low  impedance  trapezoidal  shaped 
gold  pads.  Furthermore,  the  ends  of  the  side  microstrips  were  slightly 
rounded  on  this  fixture  to  reduce  the  large  edge  effects  observed  in  the  split 
fixture.  The  microstrips  were  250  pm  wide  to  preserve  50  11  impedance.  The 
GaAs  FET  bonded  into  the  test  fixture  is  shown  in  Fig.  3. 

In  each  fixture,  the  operating  point  of  the  FET  was  controlled  by  dc 
voltages  applied  to  the  gate  and  drain  mlcrostrlps.  The  absolute  magnitude  of 
the  input  and  output  electrical  signals  was  determined  by  referencing  the 
measured  signal  levels  to  those  obtained  with  a  ±10  mV  square  wave  signal  on 
the  central  microstrip. 
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Fig.  3.  GaAs  FET  (Avantek  AT-80A1 ,  0.5  ym  Long  Schottky  Barrier  Gate)  Epoxled 
into  Planar  Test  Fixture  and  Wire  Bonded  to  Microstrips 


III.  RESULTS  AND  DISCUSSION 


The  pulse  response  of  an  Avantek  AT-8041  In  the  spilt  test  fixture  is 
shown  in  Fig.  4,  and  the  comparable  data  with  the  planar  fixture  are  shown  in 
Fig.  5.  All  these  measurements  were  performed  with  the  drain- to-source 
voltage  at  3.0  V,  and  the  drain  current  was  30  mA.  Results  depicted  in  the  a 
and  d  portions  of  both  figures  were  produced  by  reflecting  an  electrical  pulse 
off  the  gate  or  drain,  respectively.  For  these  measurements  the  pulses  are 
generated  at  one  port  of  the  device,  and  sampling  is  done  at  the  same  port 
immediately  opposite  the  pulse  generation  switch.  Thus  the  large  initial  peak 
represents  the  profile  of  the  pulse  as  it  is  generated,  corresponding  to  an 
optoelectronic  autocorrelation  measurement.^  The  shoulder  on  the  trailing 
edge  of  the  pulse  profile  is  caused  by  a  reflection  at  the  wire  bond  to  the 
microstrip.  The  broad  signal  at  later  times  is  the  result  of  the  reflection 
from  the  FET  and  contains  the  information  about  the  device  response.  Finally, 
the  split  fixture  exhibits  an  oscillatory  signal  that  is  attributed  to  a 
reflection  in  the  mlcrostrlp  circuit.  A  comparison  of  these  signals  from  the 
two  test  fixtures  reveals  two  major  differences.  First,  the  shoulder  on  the 
autocorrelation  peak  is  better  resolved  in  the  planar  test  fixture  because 
there  is  a  longer  section  of  microstrip  between  the  optoelectronic  switches 
and  the  wire  bond.  Second,  the  oscillatory  artifact  has  been  eliminated  in 
the  planar  fixture  by  straightening  the  side  microstrips  that  carry  the  switch 
bias  voltage.  Because  of  these  Improvements,  the  data  from  the  planar  test 
fixture  are  much  easier  to  analyze. 

In  Figs.  4  and  5,  signal  b  Indicates  the  result  of  Injecting  a  pulse  into 
the  drain  port  and  sampling  the  gate  response.  These  signals  have  almost  no 
dc  component  when  transformed  to  the  frequency  domain,  because  the  gate  is 
capacltively  coupled  to  the  rest  of  the  transistor.  The  shape  of  these  sig¬ 
nals  varies  with  the  bias  voltages  and  currents,  which  Indicates  that  they  are 
affected  by  variations  in  device  capacitances  and  transconductance. ^ ^  The 
differences  in  the  waveforms  for  the  two  fixtures  are  attributed  to  the  dif¬ 
ferent  test  circuits,  in  particular  the  different  source  connections. 
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Transient  Response  of  GaAs  KET  in  Split  Test  Fixture:  (a)  Pulse  and 
Sample  Gate;  (b)  Pulse  Drain,  Sample  Gate;  (c)  Pulse  Gate,  Sample 
Drain;  (d)  Pulse  and  Sample  Drain 
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•  Transient  Response  of  GaAs  PET  In  Planar  Test  Fixture:  (a)  Pulse  and 
Saaple  Gate;  (b)  Pulse  Drain,  Sample  Gate;  (c)  Pulse  Gate,  Sample 
Drain;  (d)  Pulse  and  Sample  Drain 
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In  Figs.  4  and  5,  waveform  c  exhibits  the  result  of  amplifying  a  pulse  by 
injecting  it  into  the  gate  and  sampling  the  drain  response.  Tlw  split  fixture 
(Fig.  4c)  produced  an  8.2  psec  rise  time,  which  is  close  to  the  limit  of 
temporal  resolution  for  our  equipment  and  is  the  fastest  temporally  resolved 
FET  rise  time  of  which  we  are  aware.  The  source  bond  wires  for  this  measure¬ 
ment  were  unusually  long  <~1  mm),  which  may  have  lowered  the  gain  and  contri¬ 
buted  a  high  frequency  resonance  to  produce  the  very  rapid  rise  time.  In  the 
planar  test  fixture,  the  source  bond  wires  were  much  shorter  (~350  pm).  The 
resultant  waveform  has  a  15  psec  rise  time.  The  input  and  output  sampling 
switches  were  calibrated  for  this  measurement,  and  the  peak  output  pulse 
voltage  was  1.5  times  that  of  the  input  pulse. 

Finally,  we  note  the  presence  of  a  strong  background  signal  in  the 
electrical  reflectivity  measurements  that  was  not  present  in  the  electrical 
transmission  measurements.  This  background  may  have  been  caused  by  light 
passing  through  the  silicon  epllayer  in  the  gap  at  the  pulse  generating 
switch,  reflecting  off  the  ground  plane  and  Illuminating  the  sampling 
switch.  In  the  reflectivity  measurements,  the  pulse  generator  and  pulse 
sampler  are  separated  by  only  the  width  of  the  central  microstrip,  whereas  in 
the  transmission  measurements  they  are  considerably  further  apart.  The 
constant  background  level  was  subtracted  before  data  analysis. 

Analysis  of  the  time  domain  data  to  recover  the  frequency  domain  scatter¬ 
ing  parameters  followed  Che  methods  developed  for  purely  electronic  time 
domain  measurements.  A  magnet os trlctive  digitizer  connected  to  a  microcom¬ 
puter  was  used  to  digitize  the  data  at  256  points  along  the  waveform.  Each 
point  was  separated  from  the  next  by  1.055  psec.  A  fast  Fourier  transform 
(FFT)  was  performed  to  extract  the  frequency  domain  information. 

Consequently,  the  discrete  frequency  spectrum  obtained  consisted  of  129 
points,  each  separated  from  Che  next  by  ~3.7  GHz,  beginning  at  0.0  GHz.  The 
temporal  spacing  is  small  enough  to  prevent  aliasing. In  each  case 
discussed  in  this  report,  the  spectrum  drops  to  noise  levels  well  before  the 
end  of  its  range.  Finally,  the  data  were  normalized  to  correct  for  Che  finite 
temporal  widths  of  Che  input  pulse  and  the  sampling  aperture.  The  spectra  of 
the  reflected  signals  were  normalized  by  simply  dividing  by  the  corresponding 


16 


spectrum  of  the  waveform  of  the  input  pulse.  The  spectra  of  the  transmitted 
signals  were  normalized  by  dividing  by  the  harmonic  mean  of  the  spectra 
obtained  from  input  pulses  on  both  sides  of  the  device.  The  harmonic  mean  was 
then  normalized  to  the  amplitude  of  the  appropriate  input.  Whereas  this  pro¬ 
cedure  accounts  for  the  possibility  that  switches  separated  by  a  considerable 
distance  may  have  different  temporal  responses,  it  does  not  account  for  the 
possibility  that  generating  and  sampling  switches  on  the  same  side  of  the 
device  may  have  different  responses.  However,  this  possibility  may  be  tested 
by  generating  and  sampling  pulses  at  each  switch,  in  turn,  and  comparing  the 
results.  The  result  of  this  data  analysis  is  the  frequency  spectrum  of  one  of 
the  four  scattering  parameters.  is  derived  from  the  reflection  of  a  pulse 

off  the  gate  (Figs.  Aa  and  5a),  and  S22  measured  by  reflecting  a  pulse  off 
the  drain  (Figs.  Ad  and  5d) .  82^  and  S]2  measured  by  passing  a  pulse 

through  from  the  gate  to  the  drain  or  vice  versa,  respectively  (Figs.  Ac  and 
Ab,  and  Figs.  5c  and  5b).  Thus  the  device  can  be  completely  characterized  by 
these  four  pulse  response  measurements. 

The  normalized  FFT  of  the  device  pulse  response  is  a  complex  function  of 
the  frequency  and  thus  contains  both  amplitude  and  phase  information.  The 
magnitude  of  the  normalized  FFT  is  the  gain  or  the  reflection  coefficient. 

The  phase  angle  is  also  an  important  parameter  to  measure.  A  discussion  of 
the  determination  of  the  phase  factors  illustrates  the  ease  with  which  de¬ 
embedding  can  be  done  with  the  picosecond  optoelectronic  technique.  In  a 
Fourier  transformation,  a  temporal  delay  transforms  into  a  phase  shift  with 
frequency.  Thus  quantitative  measurement  of  the  phase  factors  requires 
determination  of  the  temporal  origin  of  the  time  domain  waveforms.  If  we 
refer  to  Fig.  Aa  or  Fig.  5a,  the  temporal  origin  is  clearly  marked  by  the 
optoelectronic  autocorrelation  peak.  Using  this  peak  as  the  temporal  origin 
fixes  the  reference  plane  at  the  optoelectronic  switches.  Subtracting  this 
peak  from  the  waveform  yields  the  pulse  response  for  a  system  consisting  of  a 
short  length  of  microstrip,  a  bond  wire,  and  the  FFT  connected  to  the  rest  of 
the  circuit.  Ideally  one  would  like  to  measure  only  the  pulse  response  of  the 
FET.  The  de-embeddlng  process  consists  of  measurements  and  data  manipulation 
Intended  to  mathematically  eliminate  the  effects  of  the  other  components.  In 
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our  measurements,  we  approximate  the  mlcrostrlp  as  a  dispersionless  trans¬ 
mission  line  that  adds  only  a  propagation  delay  to  the  time  domain  data.  The 
propagation  constant  of  the  mlcrostrlp  Is  measured  In  a  separate  experiment , 
and  the  temporal  origin  of  the  waveform  Is  shifted  to  compensate  for  the 
appropriate  length  of  mlcrostrlp.  Thus  the  effects  of  the  mlcrostrlp  are 
mathematically  removed,  and  the  reference  plane  Is  moved  up  to  the  mlcrostrlp- 
wlre  bond  Interface.  The  same  temporal  origin  (corresponding  to  a  position  of 
the  optical  delay  line)  was  used  for  the  calculation  of  all  four  scattering 
parameters. 

Additional  data  manipulation  can  be  performed  through  time  domain 
windowing.  This  process  removes  waveform  regions  that  are  identified  with 
electrical  components  other  than  the  device  being  tested.  An  example  Is  the 
subtraction  of  the  autocorrelation  peak  from  the  reflection  waveforms.  This 
technique  could  be  applied  to  the  mlcrostrlp-wire  bond  reflection,  because  it 
Is  unrelated  to  the  FET  Itself.  However,  the  pulses  reflected  from  the  FET 
must  pass  through  this  Interface.  Thus,  windowing  of  this  reflection  would 
not  remove  all  the  effects  of  the  Interface.  Furthermore,  we  wished  to  repro¬ 
duce  as  nearly  as  possible  the  measurements  performed  by  the  manufacturer, 
which  Included  this  Interface.  A  better  technique  for  de-embeddlng  the  wire 
bond  would  be  to  characterize  a  wire  bond  of  the  same  length  that  connects  the 
mlcrostrlp  to  the  ground  plane.  In  any  case,  the  picosecond  optoelectronic 
technique  results  In  very  simple  de-embedding  procedures  and  Is  particularly 
suited  to  time  domain  windowing. 

Figure  6  exhibits  the  scattering  parameters  calculated  from  the  pulse 
response  of  the  FET  In  the  planar  test  fixture.  The  manufacturer's  scattering 
parameters  (measured  by  conventional  means)  are  also  shown,  although  the  two 
sets  of  data  are  not  directly  comparable  because  of  the  different  test  fix¬ 
tures  used.  In  particular,  the  source  connection  In  our  planar  test  fixture 
was  made  to  a  pad  with  a  wldth-to-substrate  thickness  ratio  of  3,  which  yields 
a  25  n  Impedance  when  considered  as  a  transmission  line.  There  are  probably 
also  variations  In  bond  wire  lengths  that  could  have  a  considerable  effect  on 
the  reflection  measurements.  In  spite  of  these  problems,  the  agreement 
between  the  two  sets  of  scattering  parameters  Is  fairly  good  for  the 
transmission  measurements. 
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Figure  6c  is  a  polar  plot  of  82^,  in  which  the  picosecond  optoelectronic 
data  are  compared  with  the  manufacturer's  measurements.  The  fit  over  the  6-20 
GHz  region  is  quite  good,  with  somewhat  less  gain  indicated  in  our  measure¬ 
ments.  This  may  be  a  result  of  the  large  source  Impedance  in  our  test  fix¬ 
ture.  The  phase  factors  agree  very  well,  indicating  that  the  two  methods  of 
measuring  the  propagation  delay  yield  the  same  result.  Beyond  the  bandwidth 
limit  of  the  manufacturer's  specifications,  the  picosecond  optoelectronic  data 
cross  through  the  0  dB  gain  line  at  about  27  GHz,  which  is  typical  for  a  GaAs 
FET  with  a  0.5  pm  gate.  The  complicated  double  resonance  at  50  to  60  GHz  is 
attributed  to  the  quarter  wave  resonances  of  the  gate  and  drain  bond  wires. 

The  data  continue  to  be  well  above  the  noise  level  out  beyond  60  GHz. 

Figure  6b  is  a  polar  plot  of  S12  calculated  from  the  data  of  Fig.  5b. 

The  fit  to  the  manufacturer's  measurements  is  fairly  good  at  low  frequencies, 
although  there  is  considerably  more  phase  shift  at  frequencies  approaching  20 
GHz.  At  higher  frequencies  the  same  resonances  seen  in  the  S12  data  appear 
near  40  and  60  GHz. 

Figures  6a  and  6d  exhibit  the  Smith  charts  for  Sjj  and  S22 »  respectively. 
In  both  plots,  the  data  beyond  about  35  GHz  fall  within  a  very  small  region 
on  the  chart,  so  the  data  were  truncated  there  to  avoid  congestion.  The  poor 
fit  between  the  picosecond  optoelectronic  data  and  the  manufacturer's  speci¬ 
fications  is  probably  the  result  of  differences  in  the  way  the  FET  was  bonded 
to  the  surrounding  circuit.  The  main  features  of  our  results  can  be  under¬ 
stood  in  terms  of  the  time  domain  data  (Figures  5a  and  5d) ,  which  in  both 
cases  consist  of  a  reflection  at  the  wire  bond-ralcrostrlp  Interface  followed 
about  25  psec  later  by  a  broad  peak  representing  the  reflection  from  the 
device  itself.  This  transforms  into  low  amplitude  frequency  components  at 
around  20  GHz,  where  points  on  a  wave  separated  by  25  psec  are  of  opposite 
polarity.  The  scattering  parameter  amplitudes  rise  again  beyond  this  point 
and  converge  on  a  small  region  of  the  chart.  This  is  because  all  the  high 
frequency  components  arise  from  the  relatively  sharp  reflection  from  the 
interface  rather  than  the  broad  device  reflection.  The  reference  plane  is  at 
this  interface,  so  that  the  temporal  origin  is  at  this  sharp  reflection 
peak.  Thus  there  Is  no  propagation  delay,  which  means  no  phase  shift  as  a 
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function  of  frequency.  This  results  In  the  congested  group  of  high  frequency 
points  near  the  real  axis.  The  Smith  charts  of  and  S22  accurately  reflect 
the  main  features  of  the  Interface  between  the  device  and  the  microstrip 
circuit  of  the  test  fixture. 


IV.  CONCLUSIONS 


We  have  illusCraCed  the  application  of  picosecond  optoelectronics  to  high 
frequency  device  diagnostics  by  characterizing  a  0.5  pm  GaAs  FET.  Pulse 
response  measurements  were  transformed  into  scattering  parameters,  which  com¬ 
pletely  define  the  device  performance  in  the  linear  regime.  A  bandwidth  of 
greater  than  60  GHz  results  from  the  application  of  pulse  generation  and 
sampling  techniques  based  upon  the  use  of  ultrashort  laser  pulses.  De-embed- 
dlng  is  also  slinpllfled  because  the  pulses  are  generated  and  sampled  a  few 
millimeters  from  the  device  being  tested.  Because  of  these  advantages, 
picosecond  optoelectronics  is  a  very  promising  technique  for  device  diagnos¬ 
tics  in  the  millimeter  wave  region. 

The  test  fixture  is  a  very  important  component  for  device  diagnostics, 
because  it  determines  the  circuit  that  surrounds  the  device.  The  split  test 
fixture  used  in  our  studies  is  quite  suitable  for  some  devices,  such  as  verti¬ 
cal  FETs^®  or  permeable  base  transistors.^^  In  these  devices,  the  ground 
contact  is  on  the  bottom,  conveniently  situated  for  the  split  fixture.  In  the 
standard  planar  FETs,  the  source  pads  are  on  the  top  at  either  side,  and  low 
impedance  connection  to  the  ground  plane  represents  a  problem  in  designing 
integrated  circuits  as  well  as  test  fixtures.  One  possible  solution  is  the 
use  of  a  coplanar  waveguide  transmission  line  structure, in  which  the  ground 
plane  is  located  on  either  side  of  the  central  conductor.  We  are  investi¬ 
gating  the  use  of  coplanar  waveguide  for  picosecond  optoelectronic  device 
diagnostics. 

In  addition  to  the  capabilities  we  have  illustrated  in  measuring  the 
linear  properties  of  devices,  picosecond  optoelectronics  can  be  very  useful  in 
studying  nonlinear  devices  such  as  power  FETs.  In  nonlinear  systems, 
frequency  domain  analysis  is  not  valid,  and  direct  time  domain  analysis  is 
necessary.  The  current  theoretical  models  of  nonlinear  effects  in  solid  state 
devices  are  quite  cumbersome,  and  contributions  from  time  domain  experiments 
on  nonlinear  devices  may  result  in  a  better  understanding  of  nonlinear 
effects. 


In  summary,  we  have  presented  picosecond  optoelectronic  pulse  response 
measurements  on  a  0.5  ym  gate  GaAs  FET  and  have  transformed  the  results  Into 
scattering  parameters.  The  useful  bandwidth  Is  over  60  GHz,  more  than  twice 
that  of  conventional  cw  diagnostic  techniques.  We  discussed  the  Importance  of 
the  experimental  test  fixture  and  the  advantages  of  the  picosecond  optoelec¬ 
tronic  technique  In  de-embeddlng  the  device  from  the  test  fixture.  Picosecond 
optoelectronics  will  be  very  useful  In  the  characterization  of  mllllmeter-wave 
devices,  especially  nonlinear  devices  where  conventional  frequency-domain 
techniques  are  not  applicable. 
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UlOUTQtT  OWATIOIW 


TIm  taroapac*  Corporation  funetlona  as  an  'arehlcaet-onglnaor''  for 
nacloiial  aacurltp  projaets,  s^actallslac  la  adranead  allltary  spaea  systaaa. 
Providing  rasaareh  support,  tha  corporation's  Laboratory  Oparatlona  eondueta 
axparlnantal  and  thaoratleal  Invastlgatloas  that  focua  on  tha  application  of 
aclontlfle  and  tochalcal  advancaa  to  auch  systans.  Vital  to  tha  success  of 
thesa  invastlgatlons  la  tha  technical  staff's  i>lda->ranglng  azpartlsa  and  If. 
ability  to  stay  currant  with  now  davalopnanta.  This  asportlsa  la  anhaocad  by 
a  rasaareh  progran  alaad  at  daallng  with  tha  jaaay  prohlsas  assoclatad  with 
rapidly  evolving  spaea  ayateaa.  Contributing  thalr  capabilities  to  tha 
research  effort  are  these  Individual  laboratorlas: 

darophyalea  Laboratory;  Launch  vehicle  and  reentry  fluid  nachanlca,  heat 
tranafar  and  flight  dynanles;  chealeal  and  electric  propulsion,  propellant 
ehenlstry,  chealeal  dynaalea,  envlrooaaotal  chaalstry,  trace  detection; 
apaeac.aft  structural  aschanlcs,  eontaaloatlon,  themal  and  structural 
control;  high  teaparatura  tharaoaeehanlcs,  gas  kinetics  and  radiation;  cw  and 
puleed  ehaaleal  and  axclnar  laser  davelopnsnt  Including  chealeal  kinetics, 
spectroscopy,  optical  resonators,  baaa  control,  ataoapherle  propagation,  laser 
effects  and  eountameasurea. 

Chaalstry  and  Physics  Laboratorvt  dtaospherle  ehaaleal  raaetlons, 
ataospharle  optics,  light  aeatcarlag,  atata-opaelflc  chealeal  raaetlons  and 
radiative  algnaturaa  of  alaalle  pluaea,  aensor  out-^f-flald-«f-vlew  rejection, 
applied  laaar  spectroscopy,  laser  chaalstry,  laaer  optoelectronics,  solar  call 
physics,  bactary  elsetroehaalstry,  space  vacuiai  and  radiation  affeeta  on 
aaterlals,  lubrication  and  surface  phenoaena,  themloolc  ealaalon,  photo- 
sensltlvs  aaterlals  and  detectors,  atonic  frequency  standards,  and 
envlronaantal  chaalstry. 

Counter  Science  Laboratory;  Prograa  verification,  prograa  translation, 
IMrforaanee-santltlva  ayatea  design,  distributed  arehltaetursa  for  spaesboros 
coaputars,  fault-tolerant  eonputer  ayateaa,  artificial  Intelligence,  alero- 
elactronles  applications,  conaunleatlon  protocols,  and  eonputer  security, 

Cleetronlce  gaaeerch  Laboratory;  Mlcroelectronlea,  aolld-state  device 
physics,  coapound  saalconductors,  radiation  hardsntng;  slaetro-optles,  qusntua 
eleetroolce,  aolld-atato  lasers,  optical  propagation  and  eonaainleatlons; 
nlcrowavo  esalconduetor  devices,  aleromrra/nllllaeter  wave  aassuraaents, 
dlagnostlca  and  radloastry,  alerowave/ad.lllaatec  wave  thamtonle  dnvtcae; 
atonic  tins  and  frequency  standards;  antaanas,  rf  systena,  aloetroaagnatle 
propagation  phenoaana,  apace  eonaualeatlon  ayateaa. 

Materials  getenwa  Laboratwyt  Oavalopaant  of  now  aatorlals:  aatals, 
alloys,  earaales,  polyaars  anJ  tMlr  eonposltaa,  and  new  foma  of  carbon;  non- 
dsstruetlvn  svsluatlon,  coaponant  failure  analysis  and  reliability;  fracture 
aaehaales  and  stresa  corrosion;  analysts  and  evaluation  of  astarlals  at 
cryogaale  and  alsvatad  teaperaturss  as  wall  as  la  spaea  and  snawy-loduead 
anvlronaanta, 

fnnee  gcladcea  Laboratory;  Nagnntoapharle,  auroral  and  cosale  ray 
physics,  nava-psrtiela  interactions,  aagnatosphsrle  plasaa  wavea;  ataospharle 
and  lonMpharle  piqpsles,  density  and  conposltlon  of  tha  upper  ataoaphera, 
raaote  sensing  using  ataospharle  radiation;  solar  phynles,  Infracad  estronoap. 
Infrared  signature  aaslyals;  affaete  of  solar  activity,  agnatic  storas  and 
nuelssr  explosions  on  tha  earth's  ataoaphera,  tonospbero  and  aagnetoaphare; 
af facts  of  alaetroaagontlc  and  partlcalsta  radiations  on  space  systsas;  space 
instrvaentatlon. 


